Increasing the difference of the Ln 3+ and A 2+ cation radii in perovskite-type Ln 0.5 A 0.5 FeO 3-δ (Ln ) La, Pr, Nd, Sm; A ) Sr, Ba) results in higher oxygen deficiency and lower oxygen-ionic and p-type electronic conductivities, determined using the oxygen permeation and total conductivity measurements at 973-1223 K. The relationships between the anion transport and A-site cation size mismatch remain essentially similar in air and under reducing conditions when most iron cations become trivalent, thus confirming critical influence of oxygen-vacancy trapping processes induced by the lattice strain. At low temperatures, analogous correlation is also observed for quadrupole splittings derived from the Mössbauer spectra of oxygen-stoichiometric Ln 0.5 A 0.5 FeO 3 . Contrary to the ionic conductivity variations, the role of surface exchange kinetics as a permeation-limiting factor, evaluated from the membrane thickness dependence of oxygen fluxes, tends to decrease on Ba 2+ doping and on decreasing Ln 3+ size in Ln 0.5 Sr 0.5 FeO 3-δ series. The n-type electronic conduction and low-p(O 2 ) stability at 1223 K are substantially unaffected by the cation radius mismatch.
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Introduction
As a result of substantially high mixed conductivity and stability, iron-containing oxide phases with ABO 3 perovskite structure are of great interest for the applications in solid oxide fuel cell (SOFC) cathodes, dense ceramic membranes for oxygen separation and partial oxidation of natural gas, and catalyst supports. [1] [2] [3] [4] [5] [6] [7] [8] One promising group of the ferrite materials is based on perovskite-type La 1-x Sr x FeO 3-δ where the highest level of electronic and oxygen-ionic transport is observed at x ≈ 0.5. [6] [7] [8] While moderate acceptor-type doping enhances the concentrations of mobile oxygen vacancies and p-type electronic charge carriers in (La,Sr)FeO 3-δ , increasing Sr 2+ content above 50% promotes vacancy-ordering and hole localization processes, with a negative impact on the transport properties. Taking into account the relatively low costs of mixed rare-earth precursors, significant economical benefits are expected when replacing La 3+ with mixtures of lanthanide (Ln 3+ ) cations. 1,9 However, information on the relationships between A-site cation radius, oxygen anion conduction, and surface exchange-related processes in the perovskite-like ferrites is very scarce.
In the case of perovskite cobaltites, gallates, and aluminates, the oxygen-ionic conductivity tends to decrease with decreasing Ln 3+ size; similar trends are also observed for nickelates and cuprates with K 2 NiF 4 -type structure (e.g., refs 10-15 and references cited therein). This behavior was ascribed to various factors, in particular, the lattice strains caused by the Ln 3+ and A 2+ radius mismatch, 10,12 deviations of the perovskite structure tolerance factor from an optimum value, 11 effects of the cation polarizability on the oxygen-metal binding energy, [13] [14] [15] and variations in the lattice free volume and in the diameter of ion migration channels (so-called "bottlenecks"). [10] [11] [12] [13] One hypothesis explaining the influence of local strains, which originate from differences in Ln 3+ and A 2+ radii, refers to the formation of point-defect clusters involving the oxygen vacancies. 10 Irrespective of the defect association mechanisms, the highest ionic conductivity is often observed when the values of the perovskite tolerance factor are approximately 0.96-0.97, in correlation with the orthorhombic to rhombohedral phase transition and resultant lattice instability. 11, 16 On the contrary, an enhanced oxygenexchange kinetics and lowest polarization resistance of the porous SOFC electrodes are characteristic of perovskiterelated materials containing either Ba 2+ or lanthanide cations with moderate radius (Ln ) Pr-Sm). [17] [18] [19] [20] [21] The latter tendency known for manganite-, ferrite-, cobaltite-, and nickelate-based systems [17] [18] [19] [20] [21] may indicate a significant role of specific catalytic properties of the lanthanide cations or small surface clusters and secondary phases comprising Ln 3+ . 18, 19 At the same time, the electrochemical behavior of porous electrodes is strongly dependent on their interaction with solid oxide electrolyte, affected by the A-site cation radius and perovskite phase stability; 17 this factor may hamper any precise extraction of the electrode surface-related contributions from total polarization resistance.
The present work is focused on the analysis of oxygen nonstoichiometry, ionic transport, and electronic conductivity in Ln 0.5 A 0.5 FeO 3-δ (Ln ) La-Sm; A ) Sr, Ba) as a function of the cation size. To assess the iron oxidation states and structural strains at low temperatures, Mössbauer spectroscopy was employed. Most data on La 0.5 Sr 0.5 FeO 3-δ and Pr 0.5 Sr 0.5 FeO 3-δ , reported elsewhere, 6, 22, 23 were recollected and reanalyzed; these data are used in the present work for the sake of comparative analysis.
Experimental Section
Single-phase ceramic samples of perovskite-type La 0.5 Ba 0.5 -FeO 3-δ and Ln 0.5 Sr 0.5 FeO 3-δ (Ln ) La, Pr, Nd, and Sm) with 93-97% density were prepared via glycine-nitrate synthesis route with sintering at 1530-1790 K in air. The glycine-nitrate synthesis procedure was similar to that described elsewhere. 22, 23 After sintering, all materials were annealed at 1250-1300 K in air and slowly cooled to achieve equilibrium oxygen content at low temperatures. The powdered samples used for X-ray diffraction (XRD) analysis, iodometric titration, Mö ssbauer spectroscopy, coulometric titration, and thermogravimetric analysis (TGA) were prepared by grinding of dense ceramics. XRD analysis confirmed the formation of single perovskite phases. The room-temperature structural data on Ln 0.5 A 0.5 FeO 3 equilibrated with atmospheric oxygen are summarized in Table 1 ; Figure 1A presents one example of the observed, calculated, and difference XRD patterns. The overall cation composition of selected ceramic samples was verified by ion-coupled plasma (ICP) spectroscopic analysis using a Jobin Yvon instrument, model JY 70 plus. In all cases, the deviations from nominal cation composition were lower than 0.1 atom %, comparable to the experimental error; the total amount of impurity cations did not exceed 0.02 atom %. Energy-dispersive spectroscopy (EDS) showed an absence of compositional inhomogeneities in the ceramic materials within the limits of experimental uncertainty. Additional series of ceramic samples used for the analysis of phase composition at elevated temperatures were annealed in various atmospheres and then quenched in liquid nitrogen. This method was used, in particular, to confirm the perovskite phase stability limits discussed below; as an example, Figure 1B displays the XRD pattern of La 0.5 Ba 0.5 FeO 3-δ , reduced at 1023 K and p(O 2 ) ) 2 × 10 -19 atm. The experimental procedures and equipment used for materials characterization were described elsewhere. 6, 8, [14] [15] [16] 18, 22, 23, 25, 26 The Mössbauer spectra were collected at 4.1 K (with samples immersed in liquid He) and 297 K on a conventional transmission constant-acceleration spectrometer with a 25 mCi 57 Co (Rh) source. 23 The room-temperature spectra were fitted to Lorentzian lines using a nonlinear least-squares method; the relative areas and widths of both peaks in a quadrupole doublet were kept equal during refinement. The magnetically split spectra collected at 4.1 K were fitted with a distributions of magnetic sextets according to the histogram method. Detailed description of the experimental techniques employed to measure total conductivity (σ, 4-probe DC) and equilibrium oxygen nonstoichiometry (δ) as a function of the oxygen partial pressure and temperature and to determine oxygen permeation fluxes (j) through dense ferrite membranes placed under an oxygen chemical potential gradient can be found in previous publications. 6, 23, 25, 26 For all permeation data presented in this work, the oxygen partial pressure at the membrane feed side (p 2 ) was equal to 0.21 atm; the permeate-side oxygen pressure (p 1 ) and membrane thickness (d) varied in the ranges 1.5 × 10 -2 to 0.20 atm and 0.60-1.60 mm, respectively. Prior to the permeation tests, all membranes were polished with diamond pastes down to a particle size of 1 µm and then annealed at 1320-1340 K for 15-20 min to provide similar roughness of the membrane surfaces. For each composition, no less than 3-4 membranes were studied. The reproducibility error of the oxygen permeation fluxes at 1123-1223 K was less than 5%; at lower temperatures when vacancy-ordering processes in the ferrite lattices become significant, this error achieved 15%. The reproducibility error of the partial ionic conductivity (σ O ) values in reducing atmospheres, calculated from p(O 2 )-dependencies of the total conductivity as explained below, was lower than 12%. The relative error of the total conductivity measurements was approximately 2%. For the room-temperature oxygen content measured by TGA and iodometric titration, the absolute error was relatively high, 0.01-0.02 atoms per formula unit (Table 1) ; these uncertainties are primarily associated with hydration and adsorption of other species from the gaseous phase at low temperatures. At high temperatures, the reproducibility error of δ values determined by the coulometric titration in combination with TGA was lower than (0.003. 28,29 For most (Ln,A)FeO 3 systems, a complete nominal disproportionation of Fe 4+ into Fe 3+ and Fe 5+ is usually suggested in this temperature range.
Results and Discussion
28-32 The spectra of La 0.5 Sr 0.5 FeO 3 might also be fitted to two contributions with the parameters characteristic of Fe 3+ and Fe 5+ . 22, 28 However, this model ignores one shoulder at a Doppler velocity of approximately +3 mm/s and poorly describes another peak at -3 mm/s, marked by the arrows in Mössbauer spectra of Ln0.5A0.5FeO3 equilibrated with atmospheric oxygen at low temperatures, taken at 4.1 K. The line on the experimental points is the sum of three distributions of magnetic sextets corresponding to octahedrally coordinated Fe 3+ , Fe 5+ , and localized Fe 4+ , shown slightly shifted for clarity. The probability distributions (P) of the magnetic hyperfine fields are shown on the right-hand side of the corresponding spectra.
3. Moreover, when considering only two distributions of the magnetic hyperfine fields (B hf ), the distribution with lower B hf is clearly bimodal ( Figure 3A) , showing a strong increase in isomer shift (IS) with increasing B hf , which may indicate that this signal should be split into two. Introducing a third magnetic sextet is necessary to adequately describe the data on Ln 0.5 A 0.5 FeO 3 , as found earlier 22 for the Pr-containing compound. As an example, Figure 3 compares the fitting results with two and three B hf distributions, for La 0.5 Sr 0.5 FeO 3 at 4.1 K. The fitting quality is, indeed, significantly improved when using the model with three distributions, which become almost symmetric (Figures 2 and 3 ). The refined parameters of the additional component ( For La 0.5 Sr 0.5 FeO 3 , the contribution of these localized states was found irresolvable, and the spectrum could only be fitted to two doublets. The calculated quadrupole splittings (QS) increase with increasing difference between the A-site cation radii, Figure 5A . This effect reflects rising local distortions around the iron sites and is not correlated to either average A-site cation radius, lattice symmetry, unit cell volume, or tolerance factor (Table 1) . For instance, the perovskite structure of La 0.5 Ba 0.5 FeO 3 exhibiting maximum QS was identified as cubic (space group Pm3 j m), in accordance with literature; 29 La 0.5 Sr 0.5 FeO 3 has the smallest QS and a rhombohedrally distorted structure (S.G. R3 j c) at room temperature. Analogously, the tolerance factor (t P ) is maximum for La 0.5 Ba 0.5 FeO 3 and minimum for Nd 0.5 Sr 0.5 FeO 3 . The corresponding t P values calculated for the oxygen-stoichiometric ferrites using ionic radii reported by Shannon 24 are 1.012 and 0.967, respectively. The local distortions and strains caused by the A-site cation radius mismatch should have a strong influence on the hole localization, electronic transport, and oxygen ion diffusivity. Indeed, the highest concentration of localized Fe 4+ states at low temperatures is observed for La 0.5 Ba 0.5 FeO 3 ( perovskite-like A(Fe,Ti)O 3-δ (A ) Ca, Sr) 37 was interpreted in terms of lowering perovskite phase stability when the tolerance factor decreases, thus promoting formation of oxygen vacancy-ordered brownmillerite domains. However, Mössbauer spectroscopy of Ln 0.5 A 0.5 FeO 3-δ quenched after annealing in air did not reveal any evidence of long-range vacancy ordering. The appearance of ordered microdomains in (Ln,Sr)FeO 3-δ can only be detected at the oxygen partial pressures below 10 -10 -10 -5 atm; representative examples can be found elsewhere. 22, 38 On the other hand, elastic strains in the perovskite lattice were suggested 10 to induce clustering of acceptor-type dopant cations and oxygen vacancies; the resultant lattice relaxation around the point-defect clusters may partly compensate stresses arising from the Ln 3+ and A 2+ size mismatch. These processes should, indeed, favor a rise of the oxygen deficiency as observed experimentally ( Figure 5B ). The hypothesis on strain-induced defect clustering is also in agreement with the ionic conductivity variations discussed below.
Increasing the difference between the A-site cation radii leads also to a systematic decrease of total conductivity ( Figure 7A ), although La 0.5 Ba 0.5 FeO 3-δ exhibits higher σ values compared to Nd 0.5 Sr 0.5 FeO 3-δ . The conductivity of perovskite ferrites is predominantly p-type electronic under oxidizing conditions and decreases on heating due to progressive oxygen losses, which result in lowering both the charge-carrier concentration and mobility; the latter quantity is strongly affected by decreasing concentration of Fe-O-Fe bonds and their expansion caused by the oxygen-vacancy formation. 6, 8, 22, 23, 25, 36 Therefore, the factors associated with the oxygen deficiency variations ( Figure 5B ) seem primarily responsible for the conductivity changes as a function of the A-site cation radius at high temperatures. At the same time, contributions of other relevant mechanisms cannot be neglected in the present case. In particular, increasing average size and polarizability of the A-site cations is expected to increase the overlap integral of Fe 3d -O 2p orbitals, thus increasing hole delocalization.
36,39 This effect, well-known for a variety of perovskite systems derived from LnMO 3 (M ) Cr, Mn, Co), 36,39,40 results in relatively high hole transport in La 0.5 Ba 0.5 FeO 3-δ ; the conductivity of Ln 0.5 Sr 0.5 FeO 3-δ decreases in the sequence La > Pr > Nd > Sm, again correlating with the A-site cation size mismatch ( Figure 7A ). Another necessary comment is that, at low temperatures, the higher overlap integral of Fe 3d -O 2p orbitals in La 0.5 Ba 0.5 FeO 3-δ is reflected by the slightly larger isomer shifts of Fe 3+ states in the Ba-doped perovskite as compared to its Sr-containing analogues (Table 2) . Increasing 3d electron densities leads to stronger screening of the s-orbitals and, thus, to lower electron densities at the 57 Fe nuclei and higher IS. Such an increase is negligible for Fe 4+ and Fe
5+
forming the metal-oxygen bonds with substantially covalent character. 
Because this term is proportional to j × d, its value is thickness-independent when surface-exchange limitations are negligible but increases with thickness when they become significant. 15, 26 The latter situation, indicating that the overall oxygen transport is governed by both the exchange kinetics and the bulk ambipolar conductivity (σ amb ), was observed for Ln 0.5 Sr 0.5 FeO 3-δ (Ln ) La, Pr, and Nd), Figure 8 . For Nd 0.5 Sr 0.5 FeO 3-δ ceramics, the interfacial exchange limitations seem almost insignificant at 1223 K but rise on cooling as for La 0.5 Sr 0.5 FeO 3-δ and Pr 0.5 Sr 0.5 FeO 3-δ . In these cases, the permeation-determining factors can be estimated by an approximate relationship:
where k 1 and k 2 are the exchange coefficients at the permeate and feed sides, respectively. Notice that the ambipolar conductivity is equal to σ O × σ e /(σ O + σ e ), where σ e is the partial electronic conductivity provided by both p-and n-type charge carriers. The estimations by eq 2 demonstrated that in all cases, the ionic contribution to total conductivity under oxidizing conditions is lower than 0.01 and, therefore, σ amb ≈ σ O . The same conclusion was drawn for Sm 0.5 Sr 0.5 FeO 3-δ and La 0.5 Ba 0.5 FeO 3-δ membranes where the specific oxygen permeability is thickness-independent within the limits of experimental error (Figure 9) , showing that the oxygen transport is primarily determined by the bulk diffusion. Using the classical Wagner equation, 42 the ambipolar and ionic conductivities of Sm 0.5 Sr 0.5 FeO 3-δ and La 0.5 Ba 0.5 FeO 3-δ at atmospheric oxygen pressure were calculated as
The results suggest that the oxygen permeation-limiting effect of surface exchange kinetics becomes smaller when the difference between Ln 3+ and A 2+ radii in Ln 0.5 A 0.5 FeO 3-δ series increases. As an example, Figure 10 compares the exchange coefficients of Ln 0.5 Sr 0.5 FeO 3-δ (Ln ) La, Pr, and Nd) ceramics at 1223 K, evaluated by eq 2. In spite of the model simplification and possible uncertainties caused by minor differences in the membrane surface microstructure and roughness, these estimations unambiguously show that the exchange rate of Nd 0.5 Sr 0.5 FeO 3-δ is much higher than that of La-and Pr-containing analogues; for Sm 0.5 Sr 0.5 FeO 3-δ and La 0.5 Ba 0.5 FeO 3-δ , surface limitations to the permeation fluxes are negligible. Such a correlation is in agreement with data on other perovskite-related systems (e.g., refs 17-21 and references therein) but requires additional studies to identify microscopic surface-exchange mechanisms influenced by the A-site cation size. As a fist approximation, one may speculate about relationships between interfacial kinetics, surface concentration of oxygen vacancies (Figure 6 ), and average metal-oxygen bonding energy, which is affected by the lattice strains and should correlate with the activation barriers for oxygen sorption and incorporation into perovskite structure. 43 Whatever the exchange mechanism, the oxygen ionic conduction exhibits an opposite trend, while the resultant permeation fluxes through Ln 0.5 Sr 0.5 FeO 3-δ (Ln ) Pr-Sm) and La 0.5 Ba 0.5 FeO 3-δ membranes are quite similar ( Figures  5C and 11) . Notice that the values of ionic conductivity in La 0.5 Sr 0.5 FeO 3-δ under oxidizing conditions ( Figure 11B ), its activation energy (E a , Table 3 ), and oxygen fluxes ( Figure  11A ) are all in a reasonably good agreement with literature data on La 1-x Sr x FeO 3-δ where x ) 0.4-0.5; 3,44,45 the minor discrepancies are comparable to the effects known for microstructural differences.
7 For comparison, the activation energy for ion diffusion in La 0.5 Sr 0.5 FeO 3-δ was reported as 129 ( 13 kJ/mol at 1060-1220 K. 3 The apparent activation energy for the bulk-limited oxygen permeation through La 0.5 Sr 0.5 FeO 3-δ membranes was 101 ( 6 kJ/mol at 1150-1250 K, but increased up to 209 ( 7 kJ/mol on cooling down to 1050 K when extensive vacancy-ordering processes start. 44 For (La 0.6 Sr 0.4 ) 0.99 FeO 3-δ where the oxygen deficiency and ionic conductivity are both lower and the vacancy formation enthalpy contribution to the activation energy is higher, the average E a for ionic conduction at 1070-1270 K was determined as 156 kJ/mol. 45 This level of coincidence, and qualitatively similar relationships between the oxygen permeability of La 0.8 A 0.2 FeO 3-δ (A ) Ca, Sr, Ba) and A-site cation radii, 46 seem to validate major conclusions drawn in the present work.
It should be separately stressed that the decrease of intrinsic ionic conduction due to increasing A-site cation size mismatch in Ln 0.5 A 0.5 FeO 3-δ ( Figure 5 ) is observed when the oxygen deficiency increases, thus providing additional supporting evidence for the hypothesis 10 on strain-induced clustering of oxygen vacancies. This hypothesis agrees also with variations of the anion conductivity activation energy, which tends to increase with the A-site cation radius difference (Table 3) . Rising the activation energy on cooling below 1120 K is associated, again, with progressive vacancy trapping. 42 The concentration of mobile oxygen vacancies in Ln 0.5 A 0.5 FeO 3-δ under oxidizing conditions seems substantially low; as a result, even moderate increase of the oxygen partial pressure decreases ionic transport (inset in Figure 10 ).
Another necessary comment is that nonlinearity of the σ O versus cation size dependencies ( Figure 5C ) makes it impossible to consider local distortions in the perovskite lattice, which should be maximal for La 0.5 Ba 0.5 FeO 3-δ , among the most critical aspects determining anion diffusivity. In fact, the ionic 6464 Chem. Mater., Vol. 20, No. 20, 2008 Kharton et al. both being close enough to 0.96-0.97 reported as an optimum level. 11, 16 The latter relationship may invalidate the approach 11, 16 based on tolerance factor analysis, for optimization of oxygen ionic transport in ferrite-based materials. When the average oxidation state of iron is 3+, the partial p-type and n-type electronic conductivities are nearly equal and the total conductivity versus p(O 2 ) isotherms exhibit characteristic minima, Figure 6 . Further reduction leads to a stepwise decrease of the oxygen content when a massive transformation into vacancyordered modification occurs, 22, 38 followed by phase decomposition reflected by another dramatic drop of the oxygen stoichiometry. The oxygen chemical potentials corresponding to these transitions are marked in Figure 6 by the vertical arrows. As the oxygen vacancy concentration around the electron-hole equilibrium points is almost constant, the ionic conductivity is essentially p(O 2 )-independent; the concentrations of n-and p-type electronic charge carriers can be considered proportional to p(O 2 ) -1/4 and p(O 2 ) 1/4 , respectively. 3,42 Consequently, the total conductivity variations in this p(O 2 ) range can be approximated by the classical model
where σ n 0 and σ p 0 are the values of partial n-and p-type electronic conductivities (σ n and σ p ) at unit oxygen pressure. The fitting results shown by solid lines in Figure  6 are in excellent agreement with experimental data; the minor deviations originate from slight changes in the vacancy concentration and partial ionic conductivity on reduction.
The anion conduction under reducing conditions (Figures 5C and 12 ) becomes substantially higher with respect to atmospheric air but displays a very similar dependence on the A-site cation size. Moreover, no direct proportionality between the anion transport and oxygen deficiency variations with decreasing p(O 2 ) can be again revealed. In fact, the increase of ionic conductivity on reduction is considerably larger than expected assuming p(O 2 )-independent vacancy diffusion coefficients and negligible vacancy trapping. These tendencies confirm that a significant fraction of oxygen vacancies in Ln 0.5 A 0.5 FeO 3-δ are essentially immobile due to clustering promoted by the A-site cation radius mismatch. Consequently, when the concentration of ionic charge carriers increases on reducing p(O 2 ), the contribution of vacancy-formation enthalpy to the apparent activation energies for ionic transport becomes smaller and the E a values decrease down to the level characteristic of solid oxide electrolytes, 58-96 kJ/mol (Table 3) .
Regardless of the microscopic mechanisms, the data on ionic transport show that the incorporation of Ba 2+ and/ or lanthanide cations with moderate radius (Pr, Nd, Sm) into the perovskite lattice of mixed-conducting ferrites should indeed increase the electrochemical activity of porous ferrite-based electrodes in SOFCs and other solidelectrolyte devices, but may have a negative impact on the performance of dense ceramic membranes made of these materials. Nevertheless, such doping strategies seem still preferable for the development of porous catalytic layers applied onto the ceramic membrane surface. The same conclusions can be drawn for potential use of mixed rare-earth precursors.
Finally, Figure 7B compares the partial n-type electronic conductivities of Ln 0.5 A 0.5 FeO 3-δ at p(O 2 ) ) 10 -15 atm, calculated subtracting the oxygen-ionic and hole contributions from total conductivity. In contrast to the oxygenionic and hole transport, the n-type electronic conduction tends to increase with the average A-site cation radius and perovskite tolerance factor. Most likely, this trend originates from extensive formation and growth of the vacancy-ordered domains at low oxygen chemical potentials, as reflected by the anomalies in the δ versus p(O 2 ) curves (Figure 6 ), although the average perovskite-type structure is retained ( Figure 1B) . Lowering tolerance factors is expected to decrease thermodynamic stability of the perovskite phases, thus promoting long-range vacancy ordering in the oxygen sublattice. Although the latter relationships require further validation, this hypothesis seems supported by the fact that the quadrupole shift of tetrahedrally coordinated Fe 3+ , refined from the Möss-bauer spectrum of reduced La 0.5 Ba 0.5 FeO 2.75 (inset in Figure 1 , ε ) 0.12 mm/s), is considerably lower than that of Pr 0.5 Sr 0.5 FeO 2.75 (0.44 mm/s). 22 Irrespective of the vacancy-ordering processes, the activation energies for n-type electronic conduction (E n ) in Ln 0.5 A 0.5 FeO 3-δ are close to one another within the limits of statistical error, Table 3 . For perovskite-related ferrite materials, the E n values correlate often with the phase decomposition enthalpy in reducing atmospheres, since these quantities are both determined by the iron-oxygen bond energy. 47 Indeed, the nonstoichiometry data ( Figure 6 ) indicate that the low-p(O 2 ) stability limits of Ln 0.5 A 0.5 FeO 3-δ are similar in all cases.
Conclusions
The effects of A-site cation size on the oxygen nonstoichiometry, p-and n-type electronic transport, oxygen permeability, partial ionic conductivity, and lowp(O 2 ) stability of perovskite-like Ln 0.5 A 0.5 FeO 3-δ (Ln ) La-Sm; A ) Sr, Ba) at elevated temperatures have been appraised. The oxygen deficiency was found to increase with the difference between Ln 3+ and A 2+ cation radii, while the anion conduction exhibits an opposite tendency, suggesting important influence of oxygen-vacancy trapping processes induced by the lattice strain. At low temperatures when Ln 0.5 A 0.5 FeO 3 becomes oxygen-stoichiometric, similar relationships are observed between the cation size mismatch and quadrupole splittings derived from the Mö ssbauer spectra. The activation energy for ionic conductivity, calculated from the oxygen permeation and total conductivity data at 973-1223 K, decreases from 105-162 kJ/mol in air down to 58-96 kJ/mol in reducing atmospheres due to lowering contribution of the vacancyformation enthalpy. Because of the strain-induced oxygen nonstoichiometry variations, the A-site cation radius mis- Figure 12 . Temperature dependence of the oxygen-ionic conductivity of Ln0.5A0.5FeO3-δ calculated from the p(O2) dependencies of the total conductivity under reducing conditions. match correlates apparently with the hole conduction predominant under oxidizing conditions. However, the partial p-and n-type electronic conductivities of Ln 0.5 -A 0.5 FeO 3-δ depend also on numerous other factors, such as the average radius and polarizability of A-site cations. The membrane thickness dependencies of steady-state oxygen fluxes through dense Ln 0.5 A 0.5 FeO 3-δ ceramics indicate that the role of surface exchange kinetics as a permeation-limiting factor tends to decrease on Ba 2+ doping and on decreasing Ln 3+ size, again correlating with the lattice strains.
